Journal  of  Power  Sources  246  (2014)  840-845 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


Short  communication 


Characterization  of  the  solid  electrolyte  interphase  on  lithium  anode 
for  preventing  the  shuttle  mechanism  in  lithium— sulfur  batteries 


CrossMark 


Shizhao  Xiong  ,  Kai  Xie,  Yan  Diao,  Xiaobin  Hong 

Department  of  Material  Science  and  Engineering,  College  of  Aerospace  Science  and  Engineering,  National  University  of  Defense  Technology,  Changsha, 
Hunan  410073,  PR  China 
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•  Mechanism  of  the  SEI  for  preventing  the  shuttle  in  Li— S  batteries. 

•  LiN03  and  polysulfides  are  equally  important  for  preventing  the  shuttle. 

•  The  SEI  film  for  preventing  the  shuttle  has  multilayer  structure. 
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To  understand  the  mechanism  for  preventing  the  shuttle  in  lithium— sulfur  batteries,  the  SEI  films 
formed  in  different  electrolyte  solutions  are  studied  using  X-ray  photoelectron  spectroscopy  (XPS), 
scanning  electron  microscope  (SEM)  and  electrochemical  measurements.  The  SEI  film  formed  in  elec¬ 
trolyte  solution  with  LiN03,  which  is  an  effective  additive  to  suppress  the  shuttle,  cannot  maintain  a 
stable  state  without  polysulfides.  The  combination  of  electrochemical  data  and  SEM  images  indicate  that 
the  contribution  of  LiN03  and  polysulfides  are  equally  important  to  form  a  SEI  film  which  is  effective  in 
suppressing  the  shuttle.  This  SEI  film  can  be  assumed  to  consist  of  two  sub  layers,  the  top  layer  composed 
of  oxidized  products  from  polysulfides  (lithium  sulfates)  and  the  bottom  layer  composed  of  the  reduced 
products  of  polysulfides  and  LiN03  (lithium  sulfide  and  LiNxOy).  We  suppose  the  formation  process  of  this 
SEI  film  in  detail  and  give  a  possible  explanation  of  the  mechanism  by  which  the  SEI  film  on  the  lithium 
electrode  is  preventing  the  shuttle  in  lithium— sulfur  batteries. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

There  is  no  doubt  that  the  demand  for  clean  and  efficient  energy 
storage  devices  is  becoming  more  and  more  critical  for  future 
markets,  such  as  plug-in  hybrid  vehicle  and  electric  vehicle  tech¬ 
nologies  [1,2].  Lithium  battery  system  is  one  of  the  most  promising 
candidates  owing  to  their  high  specific  energy  and  power  density 
[1,3  .  Nevertheless,  the  overall  energy  density  of  commercial 
lithium  ion  batteries  is  not  enough  to  meet  the  demands  of  key 
applications  [3,4  .  In  this  regard,  the  lithium-sulfur  batteries  are 
receiving  considerable  interest  at  the  present  time,  due  to  their 
high  theoretical  energy  density  (about  2600  Wh  kg-1),  natural 
abundance  of  key  elements  and  environmental  friendliness  [2,5,6]. 
However,  the  implementation  of  rechargeable  lithium-sulfur  bat¬ 
teries  suffers  from  the  capacity  degradation  upon  cycling  and  low 
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coulombic  efficiency,  which  is  mainly  caused  by  high  solubility  of 
the  polysulfides  [2,7].  The  polysulfides  are  formed  as  reaction  in¬ 
termediates  throughout  the  discharge-charge  process.  Their 
migration  results  in  loss  of  active  material  and  a  shuttle  mecha¬ 
nism,  which  lead  to  the  issues  of  lithium-sulfur  batteries  [8,9]. 

During  the  past  decade,  most  attempts  to  overcome  these  issues 
have  focused  on  the  improving  sulfur  cathode  to  prevent  the 
negative  effects  of  the  polysulfides,  for  example  by  using  new 
materials  for  the  carbon  matrix  [6,10-12]  and  modified  active 
materials  [5,13-15].  However,  the  lithium  anode  in  lithium-sulfur 
batteries,  which  is  directly  involved  in  the  active  material  loss  and 
the  shuttle  mechanism,  has  not  attracted  enough  attention  16]. 
The  soluble  polysulfides  migrate  through  the  separator  and 
immediately  react  with  the  lithium  anode,  which  lead  to  the  active 
material  loss  [17,18].  Furthermore,  the  reaction  products  (reduced 
polysulfides)  diffuse  back  to  the  sulfur  cathode  to  generate  the 
higher-order  polysulfides  again,  creating  a  shuttle  mechanism 
which  leads  to  the  low  coulombic  efficiency  [19—21  .  Hence,  the 
behavior  of  the  lithium  anode  plays  a  key  role  in  overcoming  the 
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challenges  of  lithium-sulfur  batteries.  The  consensus  is  that  the 
behavior  of  lithium  anode  in  nonaqueous  electrolyte  solution  is 
controlled  by  the  solid  electrolyte  interphase  (SEI)  which  covers  the 
active  lithium  metal  [22  .  The  SEI  film  comes  from  the  reaction 
between  active  lithium  metal  and  the  components  of  electrolyte 
solution,  including  organic  solvents  and  anions  of  lithium  salt 
[22,23].  Because  of  the  soluble  polysulfides,  the  properties  of  the 
SEI  film  on  the  lithium  anode  for  lithium-sulfur  batteries  are 
different  from  the  lithium  electrodes  reported  before  [16,24—26]. 

LiN03  has  been  found  as  an  effective  additive  to  prevent  the 
detrimental  shuttle  in  lithium-sulfur  batteries  [26],  but  the  details 
about  this  effect  have  stayed  unclear.  In  this  paper,  the  SEI  film  on 
lithium  anode  cycling  in  different  electrolyte  solutions  were  charac¬ 
terized  using  X-ray  photoelectron  spectroscopy  (XPS),  scanning 
electron  microscope  (SEM)  and  electrochemical  impedance  spec¬ 
troscopy  (EIS)  to  understand  this  effect.  Furthermore,  the  relationship 
between  the  shuttle  and  the  SEI  film  is  discussed  in  detail  and  the  ideal 
SEI  film  for  the  lithium  anode  in  lithium-sulfur  batteries  is  intro¬ 
duced.  As  a  strong  oxidative  agent,  LiN03  in  the  electrolyte  solution 
reduces  the  safety  of  lithium-sulfur  batteries  and  results  in  irre¬ 
versible  active  mass  oxidation  on  the  cathode  [27  .  With  the  discus¬ 
sion  in  this  paper  it  should  be  possible  for  researchers  to  develop  new 
additives  for  the  improvement  of  lithium-sulfur  batteries. 

2.  Experimental 

The  symmetrical  coin  cells  were  assembled  to  study  the  elec¬ 
trochemical  performance  of  lithium  electrodes  in  different 


Time/min 

Fig.  1.  Cycling  behavior  of  a  symmetrical  cell  with  the  electrolytes  (a)  0.2  M  Li2S6/ 
DIOX/DME  (1:1,  v/v),  (b)  0.2  M  LiN03/DIOX/DME  (1:1,  v/v)  and  (c)  0.1  M  LiNO3/0.1  M 
Li2S6/DIOX/DME  (1:1,  v/v). 


electrolyte  solutions.  The  electrolytes  solution  consisted  of  lithium 
salt  (total  concentration,  0.2  M)  in  1,3-dioxolane  (DIOX)  and  1,2- 
dimethoxyethane  (DME,  1:1,  v/v)  mixed  solvents.  Lithium  metal 
foil  (100  pm,  Denway,  China)  was  cut  into  10  mm  diameter  disks  as 
lithium  electrodes.  Each  lithium  disk  was  washed  by  dried  hexane 
(water  content  <  20  ppm,  Sigma-Aldrich)  before  assembling  cells. 
A  separator  (Celgard®  2500,  20  pm  thick)  was  added  to  separate 


Z’(ohm  cm2) 

Fig.  2.  Impedance  spectra  from  the  symmetrical  cells  containing  (a)  0.2  M  Li2S6/DIOX/ 
DME  (1:1,  v/v),  (b)  0.2  M  LiN03/DIOX/DME  (1:1,  v/v)  and  (c)  0.1  M  LiNO3/0.1  M  Li2S6/ 
DIOX/DME  (1:1,  v/v). 
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the  two  Li  electrodes.  The  cycling  performance  of  the  symmetrical 
cells  was  tested  using  a  multi-channel  battery  test  system  (LAND 
CT2001A)  at  a  current  density  of  0.40  mA  cm-2,  each  cycle  con¬ 
sisting  of  15  min  charge,  15  min  discharge  and  5  min  open  circuit 
between  them. 

Lithium  and  sulfur  (99.98%,  Aldrich)  in  stoichiometric  ratio  were 
added  into  mixed  solvents  mentioned  previously  to  prepare  L^Se 
solution.  The  mixture  was  stirred  vigorously  for  24  h  at  50  °C  for  the 
complete  reaction  of  lithium  with  sulfur.  All  the  operations  were 
conducted  in  a  glove-box  full  of  argon. 

The  cycled  cells  were  disassembled  to  retrieve  the  lithium 
electrodes  for  further  characterization.  All  lithium  electrodes  were 
rinsed  using  1,2-dimethoxyethane  and  further  dried  in  a  glove-box 
for  2  h.  An  Autolab  Electrochemical  Workstation  (AUT71864)  was 
operated  to  get  impedance  spectroscopy,  using  over  a  frequency 
range  of  0.01  Hz  to  1  MHz  with  perturbation  amplitude  was  5  mV. 

A  special  transfer  system  described  previously  25]  was  used  to 
transferred  lithium  samples  from  the  glove  box  to  the  SEM  system 
(HTACHI  S-4800)  or  the  XPS  systems  (K-Alpha  1063,  Thermo  Fisher 
Scientific)  without  exposing  them  to  atmosphere.  An  Al-Ka  radia¬ 
tion  (72  W,  12  kV)  at  a  pressure  of  10~9  Torr  was  used  to  obtain  the 
X-ray  photoelectron  spectra.  The  diameter  of  the  analyzed  area  was 
400  pm.  An  argon  ion  beam  (accelerating  voltage  2  keV,  ion  beam 
current  6  pA)  was  employed  to  perform  the  etching  process. 

3.  Results  and  discussion 

Lithium  metal  is  the  only  electrode  material  present  in  lithium 
symmetrical  cells.  Hence,  the  changes  of  the  potential  difference 
under  a  constant  current  indicate  the  stability  and  resistance  of  the 


system  over  cycles  [28].  The  curves  of  the  symmetrical  cell  cycled 
with  polysulfides  (Fig.  1(a))  show  that  the  potential  difference  de¬ 
creases  slightly  to  a  stable  one  at  the  beginning  of  cycling.  The 
increasing  potential  difference  after  2000  min  indicates  that  the  SEI 
film  on  the  lithium  electrode  changes  slowly  over  cycles.  Compared 
to  other  cells,  the  cell  cycled  in  the  electrolyte  solution  with  LiN03 
(Fig.  1(b))  as  the  lithium  salt  shows  a  much  higher  potential  dif¬ 
ference  during  the  cycling.  Furthermore,  the  curves  show  an 
irregular  potential  difference  in  spite  of  some  stable  periods.  It 
suggests  that  the  properties  of  this  SEI  film  dramatically  changes 
(such  as  broken)  during  cycling  and  it  has  a  higher  resistance  for 
the  transfer  of  Li-ion.  This  change  indicates  that  it  is  repeatedly 
broken  during  cycling.  At  the  same  time,  the  broken  SEI  film  can  be 
repaired  by  the  reaction  between  lithium  electrode  and  the 
component  of  the  electrolyte  solution  [16].  This  results  in  the  pe¬ 
riods  of  relatively  stable  potential  difference  during  the  cycling  and 
an  increasing  thickness  of  the  SEI  film.  Considering  the  actual 
charge-discharge  process  of  lithium-sulfur  batteries,  both  soluble 
polysulfides  and  LiN03  were  added  into  electrolyte  solution  for  a 
symmetrical  cell.  As  shown  in  Fig.  1(c),  the  potential  difference  of 
the  cell  maintains  a  stable  leveling  after  the  slight  deceasing  at  the 
first  few  cycles.  We  suppose  that  the  potential  difference  decrease 
at  the  beginning  of  cycling  in  Fig.  1(a)  and  (c)  can  be  attributed  to 
the  breaking  of  the  native  surface  film  on  the  lithium  electrode  and 
the  rebuilding  of  the  SEI  film.  However,  the  presence  of  polysulfides 
seems  to  prevent  the  continuous  reaction  and  maintains  a  stable 
SEI  film  on  the  lithium  electrode. 

Electrochemical  impedance  spectra  (EIS)  were  employed  to 
further  understand  the  behavior  of  the  SEI  films  formed  in  different 
electrolyte  solutions.  As  shown  in  Fig.  2,  the  transfer  of  Li-ion  across 


Fig.  3.  SEM  images  of  lithium  electrodes  cycling  for  20  times  in  (a)  0.2  M  Li2S6/DIOX/DME  (1:1,  v/v),  (b)  0.2  M  LiN03/DIOX/DME  (1:1,  v/v)  and  (c)  0.1  M  LiNO3/0.1  M  Li2S6/DIOX/DME 
(1:1,  v/v).  Left  column:  low  magnification,  right  column:  high  magnification. 
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Table  1 

Summary  of  XPS  data  and  assignments  for  SEI  film  on  lithium  electrode  cycling  in 
0.1  M  LiNOs/O.l  M  Li2S6/DIOX/DME  (1:1,  v/v)  for  20  times. 


Element 

Peak  position/eV 

Assignment 

Li  Is 

53.1 

Li 

53.7 

Li20 

54.8 

ROC02Li 

55.9 

LiNxOy 

C  Is 

284.7 

RCH2OLi 

285.8 

CH30C02Li 

288.4 

CH3C02Li 

289.8 

Li2C03 

N  Is 

394.6 

rch2no2 

396.7 

N— O  (LiNxOy) 

399.1 

Li3N 

400.9 

Li2N202 

O  Is 

528.2 

Li20 

529.0 

ROLi 

531.0 

Li2C03 

531.7 

S— O  (Li2SC>4,  Li2S203) 

S  2p 

160.8 

Lithium  sulfide 

162.1 

Lithium  sulfide 

164.3 

Li2S203 

168.3 

Li2S04 

the  surface  film  contributes  the  main  part  of  the  resistance  for  the 
lithium  electrodes  before  cycling  [29,30].  The  resistance  of  the 
lithium  electrode  immersed  in  electrolyte  solution  with  poly¬ 
sulfides  is  lower  than  that  with  LiN03.  It  suggests  that  the  SEI  film 
formed  with  polysulfides  gets  a  higher  conductivity  for  the  transfer 
of  Li-ion.  During  the  cycling,  the  spectra  of  the  cell  cycling  with 
LiN03  (Fig.  2  (b))  only  show  one  semicircle  for  the  transfer  of  Li-ion 
in  the  SEI  film.  The  dramatically  increasing  resistance  indicates  a 
continuous  decomposition  reaction  of  the  electrolyte  solution  on 
the  lithium  electrode  and  a  growing  thickness  of  the  SEI  film. 
However,  the  spectra  of  the  cells  cycling  with  polysulfides  (Fig.  2(a) 
and  (c))  show  two  semicircles,  corresponding  to  the  Li-ion  migra¬ 
tion  though  the  SEI  film  (high  frequency  semicircle)  and  the  charge 


transfer  across  the  interface  (low  frequency  semicircle)  respectively 
[31,32  .  It  suggests  that  the  presence  of  polysulfides  in  electrolyte 
solution  results  in  a  different  structure  of  the  SEI  film  which  has  an 
obvious  resistance  for  the  charge  transfer  from  the  SEI  film  to 
lithium  metal.  Furthermore,  the  cells  cycled  with  polysulfides  show 
significantly  decreased  impedance  for  the  Li-ion  transfer  through 
the  SEI  film  at  the  beginning  of  cycling,  even  with  the  presence  of 
LiN03.  After  45  cycles,  they  show  stable  impedance  with  increasing 
cycles.  This  indicates  that  the  presence  of  polysulfides  in  the  elec¬ 
trolyte  solution  also  results  in  a  stable  conductivity  of  the  SEI  film 
during  cycling.  Additionally,  it  confirms  that  the  potential  reaction 
between  the  lithium  electrode  and  the  electrolyte  solution  with 
LiN03  can  be  prevent  by  the  SEI  film  formed  with  polysulfides. 

To  understand  the  behavior  of  SEI  film  on  the  lithium  electrodes 
cycling  in  different  electrolyte  solutions,  scanning  electron  mi¬ 
croscopy  was  employed  to  obtain  the  morphology  of  the  cycled 
lithium  electrodes.  As  shown  in  Fig.  3(a),  the  SEI  film  on  the 
lithium  electrode  cycling  with  polysulfides  shows  a  rough 
morphology  although  it  maintained  a  stable  impedance  and  po¬ 
tential  change  in  previous  electrochemical  measurements.  It  sug¬ 
gests  that  the  reaction  between  polysulfides  and  lithium  electrodes 
contributes  to  the  formation  of  the  surface  film.  The  reaction 
products  (lithium  sulfide  16])  depositing  on  the  lithium  electrode 
can  react  with  polysulfides  and  dissolve  in  the  electrolyte  solution 
once  more  [21  .  Finally,  the  reaction  comes  to  a  balance  after  a 
continuous  deposition-dissolution  process.  We  suppose  that  the 
banded  morphology  of  the  SEI  film  can  be  attributed  to  the 
repeating  deposition-dissolution  process.  Substantial  debris  can 
be  seen  on  the  surface  of  the  lithium  electrode  cycling  with  LiN03 
as  lithium  salt  for  20  times  (Fig.  3(b)).  Combined  with  the  previous 
results,  it  suggests  that  the  reaction  between  lithium  electrodes 
and  electrolyte  solution  with  LiN03  is  active  during  the  entire 
cycling.  Furthermore,  the  ongoing  deposition  of  the  reaction 
products  leads  to  the  increasing  resistance  for  the  transfer  of  Li-ion 
across  the  SEI  film.  However,  the  lithium  electrode  cycling  in  the 
electrolyte  solution  with  mixed  lithium  salts  (LiN03  and  lithium 
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Fig.  4.  X-ray  photoelectron  spectroscopy  (XPS)  spectra  from  a  lithium  electrode  cycling  in  0.1  M  LiNO3/0.1  M  Li2S6/DIOX/DME  (1:1,  v/v)  for  20  times. 
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polysulfides)  shows  a  relatively  smooth  morphology  with  a  little 
amount  of  deposition.  This  indicates  that  the  deposition  of  both 
lithium  polysulfides  and  UNO3  have  been  suppressed  by  the 
unique  SEI  film  formed  in  the  electrolyte  solution  with  the  two 
lithium  salts. 

In  order  to  understand  the  structure  of  the  SEI  film  formed  in 
the  electrolyte  solution  with  mixed  lithium  salts  (LiN03  and 
lithium  polysulfides),  X-ray  photoelectron  spectroscopy  (XPS)  and 
argon-ion  sputtering  technology  were  employed  to  obtain  the 
chemical  composition  and  depth  profile  information  of  the  film.  As 
shown  in  fable  1,  these  peaks  show  the  complicated  reaction  be¬ 
tween  the  lithium  metal  and  the  components  of  the  electrolyte 
solution.  The  decomposition  products  of  the  solvents  (RCH2OLi, 
ROLi)  [16]  and  the  reduced  products  of  LiN03  (LiNxOy,  Li2N202) 
[16,25]  are  shown  in  the  SEI  film.  For  the  S2p  spectra,  lithium 
sulfide  can  be  attributed  to  the  reduced  products  of  the  poly¬ 
sulfides  in  the  electrolyte  solution  16].  Compounds  with  S-0 
(Li2S04,  Li2S203)  [16,27]  and-C02Li  (CH3C02Li,  CH30C02Li)  [33] 
indicate  that  LiN03  plays  an  important  role  as  oxidizing  agent  in 
the  formation  of  the  SEI  film. 

Turning  to  the  depth  profile,  the  S  2p  spectra  in  Fig.  4  shows 
that  most  of  the  oxidized  products  from  polysulfides  (Li2S04, 
Li2S203)  deposit  in  the  top  layer  of  the  SEI  film.  Under  the  top  layer, 
most  of  sulfur  element  comes  from  lithium  sulfide  which  is  the 
reduced  products  of  the  polysulfides.  However,  for  the  N  Is  spectra 
most  of  the  reduced  products  from  UNO3  (Li2N202,  LiNxOy)  deposit 
in  the  bottom  layer  of  the  SEI  film.  This  distribution  of  chemical 
composition  is  demonstrated  by  the  depth  profiles  of  each  element 
in  the  surface  film  formed  with  mixed  lithium  salts,  as  shown  in 
Fig.  5(a).  The  S  concentration  is  considerably  higher  in  the  top 
layer,  decreasing  with  the  increasing  depth  to  a  constant  level  in 
the  bottom  layer.  However,  the  N  concentration  is  rarely  detected 
in  the  top  layer  and  increases  to  a  constant  level  which  is  similar  to 
the  level  of  S  concentration  in  the  bottom  layer.  Obviously,  the  SEI 
film  on  the  lithium  electrode  cycling  in  the  electrolyte  solution 
with  mixed  lithium  salts  (LiN03  and  Li2Se)  can  be  divided  to  two 
sub  layers.  The  top  layer  is  mainly  composed  of  the  oxidized 
products  from  polysulfides  and  the  bottom  layer  is  mainly 
composed  of  reduced  products  of  polysulfides  and  LiN03.  The  SEI 
film  with  this  unique  structure  can  prevent  the  shuttle  phenom¬ 
enon  in  lithium-sulfur  batteries  and  maintain  a  stable  interphase 
during  cycling.  However,  the  depth  profiles  of  the  surface  films 
formed  with  UNO3  and  Li2S6  respectively  show  a  decreasing  con¬ 
centration  of  N  and  S  from  the  top  layer  to  the  bottom  layer,  as 
shown  in  Fig.  5(b)  and  (c). 

On  the  basis  of  the  data  above  we  suppose  the  formation  process 
of  this  SEI  film  on  the  lithium  electrode  shown  in  Fig.  6.  Because  of 
the  strong  oxidation  of  LiN03,  the  SEI  film  formed  in  the  electrolyte 
solution  with  LiN03  keeps  growing  during  cycling.  This  results  in  an 
increasing  thickness  of  the  film  and  substantial  debris  on  the 
lithium  electrode.  For  the  lithium  electrode  cycling  in  the  electro¬ 
lyte  solution  with  lithium  polysulfides  as  lithium  salt,  the  repeating 
deposition-dissolution  reaction  between  polysulfides  and  lithium 
sulfide  results  in  a  relatively  stable  SEI  film.  However,  this  forma¬ 
tion  process  is  much  more  complicated  on  the  lithium  electrode 
cycling  in  the  electrolyte  solution  with  mixed  lithium  salts  (LiNCU 
and  lithium  polysulfides).  At  the  beginning  of  cycling,  the  reduced 
products  of  LiN03  and  polysulfides  deposit  on  the  lithium  electrode 
at  the  same  time.  As  shown  in  the  SEM  images  in  Fig.  3,  the  co¬ 
precipitation  of  the  products  results  in  a  smooth  and  compact 
layer  by  which  the  continuous  reaction  between  lithium  salts  and 
lithium  metal  are  prevented.  This  assumption  can  be  indicated  by 
the  behavior  of  over  potential  and  impedance  in  Figs.  1  and  2.  After 
that,  the  polysulfides  in  electrolyte  solution  are  oxidized  to  lithium 
sulfates  by  LiNCU  and  deposit  above  the  previous  layer,  as  indicated 
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Fig.  5.  Depth  profile  for  the  lithium  anode  surface  cycling  in  (a)  0.1  M  UNO3/O.I  M 
Li2S6/DIOX/DME  (1:1,  v/v),  (b)  0.2  M  UNO3/DIOX/DME  (1:1,  v/v)  and  (c)  0.2  M  Li2S6/ 
DIOX/DME  (1:1,  v/v)  for  20  times. 


in  Figs.  4  and  5.  The  top  layer  blocks  the  contact  between  the  pol¬ 
ysulfides  in  electrolyte  solution  and  reductive  species  on  lithium 
electrode,  such  as  lithium  metal  and  lithium  sulfide.  Thus,  the 
shuttle  phenomenon  in  lithium-sulfur  batteries  with  LiNCU  as 
lithium  salt  or  additive  is  prevented  in  this  way.  We  suggest  that  the 
SEI  film  with  this  structure  could  be  the  ideal  one  for  the  lithium 
anode  in  lithium-sulfur  batteries. 
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Fig.  6.  Illustration  of  the  surface  film  behavior  on  lithium  anode  cycling  in  different  electrolyte  solutions. 


4.  Conclusions 

To  understand  the  role  of  the  SEI  film  in  preventing  the  detri¬ 
mental  shuttle  mechanism  in  lithium-sulfur  batteries,  the  behavior 
of  the  SEI  films  on  lithium  electrodes  cycling  in  different  solutions 
was  investigated  using  electrochemical  measurements  and  scan¬ 
ning  electron  microscope  images.  Those  results  indicate  that  the  SEI 
film  formed  in  the  electrolyte  solution  with  mixed  lithium  salts 
(UNO3  and  lithium  polysulfides)  is  relatively  stable  during  cycling. 
The  unique  structure  of  this  SEI  film  was  characterized  by  X-ray 
photoelectron  spectroscopy  and  argon-ion  sputtering  technology. 
This  SEI  film  can  be  assumed  to  be  formed  of  two  sub  layers  with  the 
top  layer  composed  of  oxidized  products  from  polysulfides  and  the 
bottom  layer  composed  of  the  reduced  products  of  polysulfides  and 
LiN03.  We  suppose  that  the  co-precipitation  of  the  reduced  products 
from  LiN03  and  lithium  polysulfides  results  in  a  smooth  and 
compact  layer  by  which  the  continuous  reaction  on  the  lithium 
electrode  is  suppressed.  Furthermore,  the  subsequent  deposition  of 
lithium  sulfates  results  in  a  top  layer  consisting  of  relatively  stable 
compounds.  This  top  layer  plays  a  significant  role  to  prevent  the 
contact  between  the  polysulfides  in  electrolyte  solution  and 
reductive  species  on  lithium  electrode.  Thus,  the  shuttle  mechanism 
can  be  suppressed  in  the  lithium-sulfur  batteries  with  LiN03  as 
lithium  salt  or  additive.  The  results  and  discussion  in  this  paper  will 
be  helpful  for  researchers  to  develop  new  additive  for  the 
improvement  of  lithium-sulfur  batteries. 
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